Fyn kinase plays an important role during myelination and has been shown to promote morphological differentiation of cultured oligodendrocytes. We analyzed the downstream targets of Fyn kinase in oligodendrocytes. Because process outgrowth and wrapping of axons involve cytoskeletal rearrangement, we focused on cytoskeletal proteins linked to Fyn. Here we demonstrate that Fyn binds to the cytoskeletal proteins Tau and ␣-Tubulin in oligodendrocytes. Tau interacts with the Fyn SH3 domain whereas ␣-Tubulin binds to the Fyn SH2 and SH3 domains. To study the function of the Fyn-Tau interaction in oligodendrocytes, we designed a Tau deletion mutant that would compete with endogenous Tau-Fyn binding in transfected cells. The mutant Tau protein binds to the Fyn SH3 domain but lacks the microtubuli interaction domain and thus cannot bind to microtubuli. In the presence of the mutant Tau protein, a reduction of the process number and process length in oligodendroglial cells was observed. This effect is likely to be caused by interference with the Fyn-Tau-microtubuli cascade rather than inactivation of the kinase, because Fyn bound to the mutant Tau retains activity. A similar inhibition of process outgrowth was observed when oliogodendroglial cells were cultured in the presence of Fumonisin B1, an inhibitor of sphingolipid synthesis that prevents the formation of rafts. Because ligation of the cell adhesion molecule F3 on oligodendrocytes leads to activation of Fyn kinase localized in rafts, these findings suggest that recruitment of Tau and Tubulin to activated Fyn kinase in rafts is an important step in the initiation of myelination.
Fyn kinase plays an important role during myelination and has been shown to promote morphological differentiation of cultured oligodendrocytes. We analyzed the downstream targets of Fyn kinase in oligodendrocytes. Because process outgrowth and wrapping of axons involve cytoskeletal rearrangement, we focused on cytoskeletal proteins linked to Fyn. Here we demonstrate that Fyn binds to the cytoskeletal proteins Tau and ␣-Tubulin in oligodendrocytes. Tau interacts with the Fyn SH3 domain whereas ␣-Tubulin binds to the Fyn SH2 and SH3 domains. To study the function of the Fyn-Tau interaction in oligodendrocytes, we designed a Tau deletion mutant that would compete with endogenous Tau-Fyn binding in transfected cells. The mutant Tau protein binds to the Fyn SH3 domain but lacks the microtubuli interaction domain and thus cannot bind to microtubuli. In the presence of the mutant Tau protein, a reduction of the process number and process length in oligodendroglial cells was observed. This effect is likely to be caused by interference with the Fyn-Tau-microtubuli cascade rather than inactivation of the kinase, because Fyn bound to the mutant Tau retains activity. A similar inhibition of process outgrowth was observed when oliogodendroglial cells were cultured in the presence of Fumonisin B1, an inhibitor of sphingolipid synthesis that prevents the formation of rafts. Because ligation of the cell adhesion molecule F3 on oligodendrocytes leads to activation of Fyn kinase localized in rafts, these findings suggest that recruitment of Tau and Tubulin to activated Fyn kinase in rafts is an important step in the initiation of myelination.
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The myelination of axons by oligodendrocytes involves the coordinated recognition of the axonal surface, ensheathment of the axonal process, and ultimately compaction of the wrappings of oligodendroglial membrane to generate the myelin sheath. The interplay of the adhesion molecules expressed by oligodendrocytes and axons as well as the downstream signal transduction cascades mediating these complex cellular interactions still remain primarily unelucidated (Pedraza et al., 2001) .
Substantial evidence exists that Fyn expressed by oligodendrocytes plays an important role in myelination. Mice deficient for Fyn kinase are hypomyelinated (Umemori et al., 1994; ). In addition, knock-in mice expressing a kinase-defective Fyn protein that cannot be activated because of a mutation in the ATP-binding site of Fyn show severe myelination defects . Inhibition of the Fyn activity in cultured oligodendrocytes using kinase inhibitors or dominant negative Fyn constructs inhibited the process outgrowth of the cells (Osterhout et al., 1999) . We have shown that in oligodendrocytes [as in neurons (Zisch et al., 1995) ] the F3 adhesion molecule is complexed to the Src-family tyrosine kinase Fyn and that this association takes place within glycosphingolipid (gsl)/cholesterol-rich microdomains (Kramer et al., 1999) , generally called rafts (Simons and Ikonen, 1997) . Antibody-mediated cross-linking of F3 on the cell surface of the oligodendroglial cell line Oli-neu leads to the activation of Fyn kinase exclusively within the rafts (Kramer et al., 1999) . All of these experiments raise the question of the identity of downstream targets of Fyn. Fyn shares a common domain structure with all nine Src-family members, including the protein binding domains SH2 (binding to phosphorylated tyrosine moieties) and SH3 [recognizing a core consensus sequence of PXXP (for review, see Thomas and Brugge, 1997) ]. Because process outgrowth involves cytoskeletal rearrangements, Fyn kinase is likely to be linked directly or indirectly to the cell cytoskeleton.
The microtubule-associated protein Tau interacts with components of the neuronal plasma membrane in addition to microtubules (Brandt et al., 1995; Maas et al., 2000) . Tau induces microtubule assembly and bundle formation leading to process formation (for review, see Brandt, 1996) . In a neuroblastoma cell line, Tau has been shown to associate with the Fyn SH3 domain (Lee et al., 1998) . Tau is expressed primarily by neurons but is expressed additionally by oligodendrocytes in vivo and in vitro (LoPresti et al., 1995 (LoPresti et al., , 2001 Muller et al., 1997; Richter-Landsberg and Gorath, 1999; Richter-Landsberg, 2000; Song et al., 2001b) .
In this report we show that in oligodendrocytes Fyn is associated with Tau and ␣-Tubulin. Overexpression of a Tau deletion protein in cultured oligodendrocytes reduces the length and number of processes, most likely by disrupting Fyn-Tau binding. Inhibition of gsl synthesis and consequently raft formation similarly inhibits process outgrowth of oligodendrocytes. These results demonstrate that the interaction of Fyn and Tau is an important component of oligodendroglial process growth. Furthermore, activation of raft-associated Fyn may be a critical factor initiating the recruitment and rearrangement of cytoskeletal components such as Tau and Tubulin to the site of process outgrowth.
MATERIALS AND METHODS
Animals. NMRI mice of both sexes were obtained from the central animal facilities of the University of Heidelberg.
Materials and antibodies. L-[
35 S]-Met /C ys in vitro labeling mix, ␥[ 32 P]-ATP, and ECL reagents were from Amersham Biosciences (Braunschweig, Germany); human recombinant PDGF(AA) and bFGF were from TEBU (Frankf urt, Germany); Triton X-100, N P-40, and Nadeoxycholate were from Sigma (Deisenhofen, Germany); Protein A-Sepharose CL4B was from Amersham Biosciences (Freiburg, Germany); Bradford reagent for protein assays was from Bio-Rad (München, Germany); and poly vinylidene difluoride (PV DF) membrane was from Millipore (Bedford, M A).
The following rabbit polyclonal antibodies were used: against F3 [Ig-fraction of a serum raised against the N-terminal F3 peptide ], against Fyn and Lyn (Santa Cruz, Heidelberg, Germany), and Tau [pNtau, raised against a recombinant human Tau comprising amino acids (aa) 1-223]. The following monoclonal antibodies were used: murine monoclonal antibody against Fyn (BD Transduction Laboratories, Heidelberg, Germany), murine antibodies against ␣-T ubulin (DM1A; Sigma, Munich, Germany) and against the Myc epitope, clone 9E10 (Sigma), murine antibodies against Tau [Tau-5, BD Bioscience, PharMingen, Heidelberg, Germany; Tau-1 (Binder et al., 1985) ], and murine monoclonal antibody O4 recognizing a late stage of oligodendroglial progenitors and mature oligodendrocytes (Sommer and Schachner, 1981; Trotter and Schachner, 1989) . Secondary antibodies were from Dianova (Hamburg, Germany) .
Primar y cell cultures and metabolic labeling. Primary cultures of oligodendrocytes were prepared from embryonic day 14 -16 mice as described (Sontheimer et al., 1989; Trotter et al., 1989) . In short, oligodendrocytes growing on top of astrocyte monolayers were shaken off and plated in modified Sato medium containing 1% horse serum (HS) on poly-L-lysine-coated dishes. To promote survival of the cells, 10 ng /ml human recombinant platelet-derived growth factor (AA) and 5 ng /ml basic fibroblast growth factor were added immediately after plating and after 24 hr in vitro. Oligodendrocytes were kept for 5 d in vitro without additional growth factors before harvesting. The resulting population is enriched for differentiated oligodendrocytes but contains a fraction of progenitor cells . The cell line Oli-neu (Jung et al., 1995) was cultured in Sato medium containing 1% HS. For metabolic labeling, primary oligodendrocytes or transient transfected cells were incubated for 1 hr in SO 4 / Met /C ys-free DM EM and f urther incubated for 4 hr with 100 C i /ml L-[
35 S]Met /C ys. All samples were analyzed by SDS-PAGE, and radioactive protein bands were detected by a Phosphoimager (Fuji Bas 1000; Fuji Medical Systems USA Inc., Stanford, CA).
Immunofluorescence. For double staining of primary oligodendrocytes with the oligodendroglial markers O4, myelin associated glycoprotein (M AG), AN2, and Tau or Fyn, cells on coverslips were fixed in 4% paraformaldehyde, blocked, and incubated with the primary antibody in blocking solution (1% BSA / PBS) for 30 min. The cells were permeabilized for 10 min with 0.1% Triton X-100, fixed for 10 min, and incubated with Tau or Fyn antibodies and subsequently with labeled secondary antibodies and mounted in Moviol. C ells were analyzed by fluorescence light microscopy (Axiophot; Z eiss, Göttingen, Germany).
Preparation of detergent e xtracts and sucrose densit y gradient centrif ugation. Detergent extracts were prepared as described (Kramer et al., 1999) . In brief, primary oligodendrocytes (2-3 ϫ 10 6 ) were suspended at 4°C in 0.5 ml extraction buffer: 150 mM NaC l, 80 mM Na 2 HPO 4 2ϫ H 2 O, 17 mM NaH 2 PO 4 ϫ H 2 O, pH 7.2, 1 mM PMSF, and 2% N P-40 (PBS/ N P-40). The extracts were shaken for 30 min at 4°C. Detergent extracts were adjusted to 40% sucrose by adding equal volumes of 80% sucrose in PBS/ N P-40 and loaded into an ultracentrif uge tube. A step gradient of 30 and 10% or a continuous gradient of 30 to 5% sucrose was layered on top of the lysate. Gradients were centrif uged for 12 hr at 35,000 rpm at 4°C in a Beckman SW 40 TI rotor or Beckman SW 60 TI rotor (218,000 ϫ g). The floating fraction (raft fraction) and the bottom fractions (non-raft fraction) were harvested. Light gradient fractions containing floating GPI-anchored proteins, glycosphingolipids, and cholesterol (rafts) were collected, diluted with ddH 2 O, and pelleted for 1 hr at 218,000 ϫ g and 4°C. Isolated rafts were subjected to SDS-PAGE, immunoblotting, and immunoprecipitation.
Immunoblotting. Proteins were blotted onto PV DF membrane (Amersham Biosciences), which was incubated in 4% milk powder/0.05% T ween in PBS. Proteins were detected by incubation with primary antibodies overnight at 4°C. The blots were incubated with a second anti-species antibody conjugated with HRP for 30 -60 min at room temperature. The blots were developed with ECL reagents (Amersham Biosciences) according to the manufacturer's instructions.
In some cases, membranes were stripped with 100 mM glycine, pH 2, for 30 min, blocked, and reprobed with antibodies.
Immunoprecipitation. Isolated raft fractions and non-raft fractions were resuspended in 0.5 ml PBS/ N P-40 buffer, precleared with protein A-Sepharose, incubated with antibodies overnight at 4°C on a head-overtail rotator for 2 hr with protein A-Sepharose, and washed three times under stringent conditions in RI PA-buffer (50 mM Tris/ HC l, pH 7.4, 1% Triton X-100, 1% Na-deoxycholate, 0.1% SDS, 1 mM dithioerythnol) containing phosphatase inhibitors (100 M Na 3 VO 4 , 10 mM NaF) and once with PBS. The immunoprecipitations were subjected to SDS-PAGE and immunoblotting.
In vitro k inase assay. Immune complexes were resuspended in 50 l kinase buffer (20 mM H EPES, pH 7.4, 5 mM MgC l 2 , 1 mM MnC l 2 , 100 M Na 3 VO 4 ) and incubated with 2 Ci ␥[
32 P]-ATP for 30 min at 37°C. The samples were washed and subjected to SDS-PAGE and autoradiography.
E xpression of glutathione S-transferase-Fyn constructs and binding assay. Glutathione S-transferase (GST)-Fyn-SH3 cDNA and GST-Fyn-SH2 cDNA were prepared as described (Marie-C ardine et al., 1995), GSTAmphiphysin-SH3 was kindly provided by Dr. A. Schmidt (C N RS, Paris, France). GST f usion proteins were prepared and purified as described (Smith and Johnson, 1988) . For precipitation of interacting partners, primary oligodendrocytes were lysed in PBS/ N P-40 and shaken for 30 min at 4°C. To free the postnuclear lysates from proteins binding unspecifically to GST Sepharose beads, samples were incubated with GSTSepharose beads for 1 hr at 4°C before incubation with GST-Fyn-SH3, GST-Fyn-SH2 or GST-Amphiphysin-SH3 Sepharose beads overnight at 4°C (preclear). The precipitates were washed with RI PA buffer and subjected to SDS-Page and immunoblotting.
Construction of Tau deletion mutants. Eukaryotic expression plasmids were constructed in the pC M V vector (Invitrogen, Groningen, The Netherlands). Inserts for all plasmids were obtained by PCR using cDNA from adult rat brain. PCR primers contained restriction sites, a Kozak sequence, and stop codons as needed. A myc tag was added to the amino terminal end. The following oligonucleotides were used to generate the deletion constructs: Tau forward: GCGAATTCAAAGACATGGC TG-AACCCCGCCAGGAGTTTGACATGGC TGAACCCCGCCAGGAG; Tau reverse ϩPX X P: CGCAAGC TTC TAAC TGGCAGACGGTGAC -TTAGG; Tau reverse ϪPX X P: CGCAAGC TTC TAAACCAC TGCC -ACCTTTTTGGGC TC.
The constructs were verified by sequencing. Plasmids prepared for the studies were as follows: pC M V ϩ PX X P: myc tag and adult rat Tau from amino acid 1-227 containing the SH3 binding motif for Fyn; pC M V Ϫ PX X P: myc tag and adult rat Tau from amino acid 1-223 lacking the SH3 binding motif for Fyn.
Transfection and anal ysis of transfected cells. Oli-neu cells (Jung et al., 1995) were released from the culture dishes with trypsin. Primary oligodendrocytes were transfected directly after shaking. For each electroporation, 1.5 ϫ 10 6 Oli-neu cells or 3-4 ϫ 10 6 primary oligodendrocytes were used. Fifteen micrograms of DNA of Tau plasmids were used in each electroporation. Tau plasmids were cotransfected with the pC M Venhanced green fluorescent protein (EGFP) plasmid (2 g DNA; C lontech Heidelberg, Germany) to control electroporation and identif y positive cells. Transient transfected cells were analyzed live using an inverted fluorescent microscope (Leitz, DM IRB; Leica, Bensheim, Germany) with an attached digital camera (Quantics Photometrics; Visitron Systems, Puckheim, Germany) and the software I Plab 3.2.2. (Scananalytics, Inc., Visitron Systems). The number of processes per cell and the process length were measured for Oli-neu cells and primary oligodendrocytes. Processes longer than half the diameter of the cell soma were included in the measurements. In each experiment, 50 -100 EGFP-positive Oli-neu cells or 30 -50 EGFP-positive primary oligodendrocytes were analyzed. Three individual experiments per cell type were performed. The data were pooled, and a nonparametric Mann -Whitney rank sum test was applied to analyze the results because it cannot be assumed that the number and length of cellular processes follow a Gaussian distribution.
Inhibition of sphingolipid synthesis in Oli-neu cells with Fumonisin B1. Oli-neu cells were incubated for up to 5 d with 50 M Fumonisin B1 (FB1) (Sigma). C ells were passaged on the third day and incubated in the presence of FB1 for 2 more days. For recovery, Oli-neu cells, after 5 d of culture with FB1, were washed twice with Sato 1% HS and incubated for 2 additional days. C ells were fixed with 2.5% glutaraldehyde for 1 hr and stained with toluidine blue to visualize processes.
Lipid anal ysis. Primary oligodendrocytes were treated with 50 M FB1 directly after the shake for 5 d and subjected to continuous sucrose density gradient separation (see above). As controls, untreated primary oligodendrocytes were analyzed. From each gradient fraction lipids were extracted (Bligh and Dyer, 1957) , and dried samples were dissolved in 10 -20 l of chloroform /methanol (1:1, w/ v) and spotted on activated Silica Gel 60 F 254 plates (Merck, Darmstadt, Germany). After resolution of the lipids in chloroform /methanol / H 2 O (65:25:4, v/ v), the plates were air dried and lipids were visualized after exposure of the plates to 10% sulf uric acid, 5% methanol, and charring.
RESULTS

Oligodendrocytes in culture express Tau and Fyn
Primary oligodendrocyte cultures enriched in mature oligodendrocytes were costained with antibodies to the oligodendroglial markers AN2/ NG2, O4, and M AG, and pN Tau antibody (Fig. 1 A) . All AN2/ NG2-positive oligodendrocyte progenitor cells were strongly Tau positive (Fig. 1 A, a,b) . Approximately 70% of all O4-positive oligodendrocytes were stained with pN Tau (Fig. 1 A, c,d ). C ell somata as well as primary membrane processes were strongly Tau positive, whereas very small processes and the process tips were less stained. The same distribution was observed when the cultures were stained with antibodies to M AG and pN Tau ( Fig.  1 A, e,f ). These results are in agreement with previously published data (L oPresti et al., 1995; Muller et al., 1997) and demonstrate that cultured oligodendroglial precursor cells and more mature oligodendrocytes express Tau.
Fyn is expressed by oligodendrocytes as shown previously (Umemori et al., 1994; Kramer et al., 1999; Osterhout et al., 1999) . Fyn expression was observed in the cell body as well as in the tips of the processes and is coexpressed with Tau in the main processes and in the soma (Fig. 1 A, g,h) .
Many isoforms of Tau have been reported (Goedert et al., 1989) . Western blots on oligodendroglial cell lysates showed that several isoforms of molecular weights between 45 and 66 kDa can be detected (Fig. 1 B) . The oligodendroglial cell line Oli-neu appeared to express additional bands of higher molecular weight compared with primary oligodendrocytes; whether these are additional Tau isoforms or modifications (e.g., phosphorylation) of the isoforms present in primary cells is not clear.
Fyn associates with Tau and Tubulin in primary oligodendrocytes
Fyn is known to be tightly associated with other proteins in a f unctional signaling complex in T cells (Marie-C ardine et al., 1995; Marie-C ardine and Schraven, 1999; Marie-C ardine et al., 1999) and is associated with GPI-anchored adhesion molecules in oligodendrocytes in rafts (Kramer et al., 1999) . Rafts can be collected as detergent-insoluble membrane domains from light fractions of sucrose density gradients (raft fractions), whereas other cellular components accumulate in bottom fractions (non-raft fractions). To determine downstream partners of Fyn in oligodendrocytes, immunoprecipitations with antibodies against Fyn were performed from raft and Figure 1 . Cultured oligodendrocytes express Tau. A, Immunofluorescence staining. Primary oligodendrocytes were stained with antibodies to oligodendroglial markers and Tau (a-f ) or with Fyn and Tau ( g, h) . All AN2-positive oligodendrocyte precursor cells ( a) stain for Tau ( b). Tau is expressed in the cell soma as well as in the processes. Primary oligodendrocytes were costained with antibodies to the oligodendroglial markers O4 ( c) or MAG (e) and Tau (d, f ). Cell somata as well as large membrane processes are positive for Tau, whereas the tips of very small processes are unstained. O4 and MAG staining are distributed all over the cell surface including small processes and membrane protrusions. B, Western blot analysis. Both primary oligodendrocytes ( pr. OL) and the precursor cell line Oli-neu express Tau. Cell lysates of Oli-neu cells (lanes 1, 3) and primary oligodendrocytes (lanes 2, 4 ) were resolved by SDS-PAGE and immunoblotted with the antibodies Tau-5 (lanes 1, 2) recognizing an 4 unphosphorylated epitope and Tau-1 (lanes 3, 4 ) recognizing a dephosphorylated serine at aa 199 (human nomenclature). Several isoforms are detected by both antibodies running between 45 and 65 kDa. Oli-neu cells may express additional isoforms compared with primary oligodendrocytes, or alternatively the isoforms are subjected to different posttranslational modifications. wb, Western blot.
non-raft fractions and assayed by Western blot for coprecipitating candidate proteins (Fig. 2, lanes 1, 2) . Tau and ␣ϪTubulin were associated with the Fyn immunoprecipitates from both raft and non-raft fractions (Fig. 2) . These interactions were resistant to high-stringency washing. Lyn (another Src family member) did not coprecipitate with Fyn (Fig. 2, lanes 1, 2) , although it is present in total raft fractions (and also non-raft fractions; lanes 3, 4 ). This demonstrates that Fyn interacts in a specific complex with Tau and Tubulin. Vice versa, Tau immunoprecipitates from total lysates of primary oligodendrocytes also contained Fyn (data not shown).
The Fyn SH3 and SH2 domains are sites of interaction with cytoskeletal proteins
To analyze the Fyn-Tau and Fyn-Tubulin interaction in more detail and to identify the regions of Fyn that are involved, precipitation assays were performed using GST fusion proteins of the Fyn-SH2 and Fyn-SH3 protein interaction domains. The Western blot analysis of these precipitations with antibodies against Tau or Tubulin revealed that Tau binds specifically to the GST-Fyn-SH3 fusion protein, whereas ␣-Tubulin binds to both GST-Fyn-SH3 and GST-Fyn-SH2 fusion proteins (Fig. 3) . The binding is specific for the Fyn-SH3 domain because neither Tau nor ␣-Tubulin binds to a GST fusion protein of the Amphiphysin-SH3 domain or GST alone (Fig. 3) .
Reduction of process number and process length in oligodendroglial cells after expression of a Fyn-binding Tau deletion protein
We subsequently addressed the function of the Fyn-Tau interaction in living cells. Previous studies (Lee et al., 1998) had delineated the last of seven PXXP motives on Tau as the functional and sufficient Fyn-SH3 binding motif. We thus generated two Tau deletion mutant cDNA constructs by RT-PCR (Fig. 4 A) : one dominant negative construct (ϩPXXP; amino acid 1-227 of rat Tau), which should disrupt the endogenous Tau-Fyn interaction when overexpressed in cells, and a control construct (ϪPXXP; amino acids 1-223 of rat Tau) lacking the Fyn binding motif, which should not interfere with the Fyn-Tau interaction. Both constructs were tagged at the N terminus with a myc epitope to allow discrimination of the mutant protein from endogenous Tau. To demonstrate that the constructs function as expected, Oli-neu cells were transfected with the Tau deletion constructs, and the truncated myc Tau proteins were immunoprecipitated from metabolically labeled cells using anti-myc antibodies. As expected, endogenous Fyn coimmunoprecipitates with the ϩPXXP Tau protein, whereas it does not coprecipitate with ϪPXXP Tau (Fig. 4 B) . The transfection efficiency and expression level of each cDNA construct within the analyzed cells were equal, as shown by anti-myc Western blots on an equal number of cells (Fig. 4 B, bottom panel ) . Myc precipitates of Oli-neu cells that were transfected with the ϩPXXP construct contained substantial Fyn kinase activity evidenced by autophosphorylation of Fyn in a kinase assay, whereas myc precipitates from cells transfected with the ϪPXXP construct or vector alone (MOCK ) did not (Fig. 4C, lanes 1-3) . Active Fyn kinase is also immunoprecipitated with endogenous Tau from lysates of untransfected cells Figure 2 . Fyn is associated with Tau and T ubulin in primary oligodendrocytes. Raft fractions and bottom gradient fractions of sucrose density gradients from primary oligodendrocytes were subjected to immunoprecipitation (IP) using antibodies to Fyn followed by SDS-PAGE (lanes 1, 2) or were analyzed directly by SDS-PAGE (lanes 3, 4 ) followed by Western blot (wb) analysis using monoclonal antibodies against Fyn, Lyn, Tau, and ␣-T ubulin. Fyn associates with Tau and ␣-T ubulin in the raft fraction as well as in the bottom gradient fraction. Lyn, which is also found in the raft fraction (Lyn, lane 3), is not associated with this complex, either in the raft fraction (lane 1) or in the non-raft fraction (lane 2). (lane 4 ). In conclusion, ϩPXXP Tau binds Fyn in the transfected cells and is thus likely to act as a competitor of the endogenous Tau-Fyn interaction.
Each of the deletion constructs was cotransfected with an EGFP plasmid (15:1 ratio) in Oli-neu cells or primary oligodendrocytes to facilitate visualization of the transfected cells. Staining of fixed cells with myc antibodies confirmed that every EGFPpositive cell also expressed the truncated myc Tau protein (data not shown).
The myc Tau overexpressing cells were analyzed by measuring the number and length of the cellular processes. In Oli-neu cells, the number of processes of ϩPXXP Tau overexpressing cells was reduced compared with cells overexpressing ϪPXXP Tau (Fig.  5 A, a) ( p Ͻ 0.0001). Analysis of the process revealed that the ϩPXXP overexpressing cells have shorter processes (reduction of 16%) compared with ϪPXXP overexpressing cells (Fig. 5 A, b) ( p ϭ Ͻ 0,0001). In transfected primary oligodendrocytes the effects were even more striking. The process length of ϩPXXP expressing primary cells is reduced by 49% versus ϪPXXP expressing cells (Fig. 5 B, b) ( p Ͻ 0.0001). Untransfected control cells and MOCK transfected cells appeared similar to the ϪPXXP expressing cells. The reduction of process growth is most likely caused by the disruption of the Fyn-Tau interaction and not an inactivation of Fyn kinase, because Fyn activity is retained in ϩPXXP overexpressing cells (Fig. 4C) .
In summary, Oli-neu cells as well as primary oligodendrocytes expressing the ϩPXXP Tau protein have fewer and shorter processes compared with cells expressing the ϪPXXP Tau. These results thus suggest that the Fyn-Tau interaction in oligodendroglial cells is important for the generation and elaboration of cellular processes.
Inhibiting gsl synthesis and thus raft formation prevents process outgrowth of Oli-neu cells
Because Fyn kinase activity linked to the cell adhesion molecule F3 is restricted to rafts in oligodendroglial cells, we studied the involvement of rafts in process outgrowth. We made use of the fungal toxin FB1, which inhibits sphingolipid synthesis (Merrill et al., 1993b) and completely abolishes the formation of rafts in oligodendroglial cells (Fig. 6 A) . When primary oligodendrocytes were cultured in the presence of FB1 for several days, the GPI-anchored protein adhesion protein neural cell adhesion molecule (NCAM) 120, which is normally raft associated (Kramer et al., 1997 (Kramer et al., , 1999 , was absent from light gradient fractions (Fig. 6 A, a) . FB1-treated cells lack gsl, leading to a complete absence of raft lipids, including cholesterol, from light gradient fractions (Fig. 6 A, b) . Incubation of Oli-neu cells with FB1 similarly inhibits raft formation, and thus Tau protein is no longer found in light gradient fractions (Fig.  6 B, a) . Process outgrowth was strongly diminished in Oli-neu cells cultured for 5 d in FB1, including one passage (Fig. 6 B, c) . This effect was reversible: 48 hr after removal of FB1 from the medium allowing resynthesis of gsl, the cells had reestablished processes (Fig. 6 B, d ), demonstrating that FB1 was not toxic to the cells. In conclusion, gsls are essential for process outgrowth of oligodendrocytes; furthermore, the results suggest that Fyn-Tau associations occurring in the raft compartment may be a contributing factor.
DISCUSSION
Myelination of axons by oligodendrocytes is a multistep process. After initial recognition of the axon by the glial process, wrapping necessitates the coordination of myelin membrane generation and directed process outgrowth accompanied by reorganization of the cytoskeleton (Wilson and Brophy, 1989; Pfeiffer et al., 1993; Kramer et al., 1997 Kramer et al., , 2001 Song et al., 2001a) . In the present study we have shown that the interaction of the Src-family tyrosine kinase Fyn and the microtubule-binding protein Tau is an important component of process formation by oligodendrocytes.
Fyn activity is instructive for myelination
Fyn kinase plays an important role in myelination: in myelin the activity peaks at early postnatal stages concomitant with the initiation of myelination in large areas of the brain (Umemori et al., 1994; Kramer et al., 1999) . Transgenic knock-in mice expressing a Fyn protein with a nonfunctional kinase domain ) exhibit a hypomyelinated phenotype similar to Fyndeficient mice (Umemori et al., 1994) , suggesting that the kinase activity of Fyn is important. However, both groups of mice still synthesize some myelin, suggesting the involvement of an alternative but less efficient signal transduction pathway. Previously, we showed that Fyn is closely associated with the GPI-anchored cell adhesion molecules F3/Contactin and NCAM 120 in oligodendrocyte rafts and could be activated by ligation of F3 (Kramer et al., 1999) . In addition, Fyn was identified as a downstream partner of L-M AG, and Fyn can be activated via antibodymediated cross-linking of MAG in transfected COS cells (Umemori et al., 1994) . However, MAG/Fyn double-deficient mice have a more severe phenotype than the single knock-outs, indicating that MAG and Fyn might also act independently in myelination (Biffiger et al., 2000) .
Recent studies have shown that oligodendrocyte progenitor cells and more mature cells express active Fyn kinase (Kramer et al., 1999; Osterhout et al., 1999) and that Fyn kinase activity promotes oligodendrocyte process formation in vitro (Osterhout et al., 1999; ). Inhibitors of Fyn kinase and expression of dominant negative Fyn inhibited process outgrowth in cultured oligodendrocytes (Osterhout et al., 1999) . Here, we have addressed the downstream interacting partners of Fyn in oligodendrocytes.
In oligodendrocytes, Fyn interacts with Tau and Tubulin
The microtubule-binding protein Tau has been identified as a binding partner for Fyn in neuroblastoma cells (Lee et al., 1998) . Oligodendrocytes, in particular progenitor cells, and more mature cells express Tau Richter-Landsberg and Gorath, 1999; this study) and in vivo (LoPresti et al., 1995; Song et al., 2001b) . Tau is expressed mainly in the cell soma and in the large processes (LoPresti et al., 1995; Muller et al., 1997; Song et al., 2001a; this study) . Several Tau isoforms are expressed in vivo (Goedert et al., 1991) and by oligodendrocytes in vitro (Richter-Landsberg and Gorath, 1999; LoPresti et al., 2001 ). The function of the different isoforms is still unelucidated, but all contain the PXXP SH3-binding motif. We found that Fyn is associated with Tau and Tubulin in oligodendrocytes. These interactions are of high affinity, because they resist stringent washing. . Raft fractions and non-raft fractions were collected from sucrose density gradients and subjected to SDS-PAGE followed by Western blot analysis with antibodies against Tau. Culture in FB1 results in the absence of Tau from low density gradient fractions; in untreated cells Tau is localized in rafts in these gradient fractions. Oli-neu cells were cultured in the absence of ( b) or in the presence of ( c) 50 m FB1 for several days (see Material and Methods). After 5 d in culture in FB1 including one passage, the cells are almost lacking processes ( c). Nevertheless they are still alive, because after further culture (2 d) in the absence of FB1 the cells recover and regenerate processes ( d).
We show that Fyn binds to Tau in oligodendrocyte lysates by association of the Fyn-SH3 domain with the PXXP motif on Tau, as reported in neuroblastoma cells (Lee et al., 1998) , whereas ␣-Tubulin binds to both the Fyn SH2 and SH3 domains. The interaction of Tubulin with the SH2 domain of Fyn has also been described in T lymphocytes (Marie-Cardine et al., 1995) . Tau and Tubulin do not bind to all SH3 domains, but the binding is specific for the SH3 domain of Fyn, because neither Tau nor Tubulin bind to the SH3 domain of Amphiphysin. In Src family kinases, the SH2 and SH3 domains together with the regulatory tail play a central role in regulation of the kinase. In the inactive state, the SH2 domain is bound to the regulatory tail, and the SH3 domain interacts with sequences in the catalytic domain as well as in the linker region between the SH3 and SH2 domains (Pawson, 1997; Sicheri and Kuriyan, 1997; Xu et al., 1997; Young et al., 2001 ) (for review, see Thomas and Brugge, 1997) . On dephosphorylation of a tyrosine in the regulatory tail, the intramolecular interactions are disrupted, and the full kinase activity results from autophosphorylation of a tyrosine residue within the catalytic domain. The kinase structure opens up, and binding of other proteins via the SH3 and SH2 domains is now possible (Thomas and Brugge, 1997) . Thus, activation of Fyn is required for binding to interacting partners via the Fyn SH2 and SH3 domains. The molecular trigger for Fyn activation in culture in the absence of neurons is unelucidated but must entail interactions with the culture substrate.
Overexpression of a Tau deletion mutant inhibits oligodendroglial process formation, most likely by perturbing the Tau-Fyn interaction
We expressed two Tau deletion mutants in Oli-neu cells and primary oligodendrocytes. Tau contains seven putative PXXP SH3 binding motives (Cheadle et al., 1994; Sparks et al., 1994) in the amino terminal proline-rich domain, but only the last motif is the major Fyn SH3 binding site (Lee et al., 1998) . The deletion constructs were designed such that one construct contained the Fyn recognition motif (ϩPXXP), enabling competition with endogenous Tau for binding to Fyn, whereas the control construct lacked this domain (ϪPXXP). Both constructs lacked the microtubule-binding region. In transfected cells, the ϩPXXP construct thus should interfere with endogenous Tau linking Fyn and microtubules (Fig. 4 A) . We demonstrated that the ϩPXXP Tau protein indeed interacts with endogenous Fyn and that the bound Fyn retains substantial kinase activity. Oli-neu cells as well as primary oligodendrocytes expressing ϩPXXP Tau exhibited a reduced number of processes and a reduction in process length. Our results suggest that Fyn activity not only is important for process formation as shown by others (Osterhout et al., 1999; ), but that the interaction of Tau and Fyn in oligodendrocytes is a central element. Expression of a Tau deletion mutant that binds Fyn and should thus disrupt this association leads to reduced process number and process length, although Fyn is still active.
Tau regulates the assembly and stability of microtubules in neurons (for review, see Brandt, 1996) . In the Taiep mutant rat, the polarized orientation of microtubules (Lunn et al., 1997 ) is abnormal, and Tau protein accumulates in the cell body and processes of oligodendrocytes, resulting in an intracellular accumulation of myelin proteins, hypomyelination, and progressive demyelination (Song et al., 2001a,b) . This study highlights the interplay of Tau and microtubules and the importance of microtubules in the transport of vesicles containing myelin components to the forming sheath.
Interaction of Tau and Tubulin with Fyn in raft and non-raft compartments
Rafts are gsl-and cholesterol-rich microdomains that form in the trans-Golgi network. They play an instructive role in sorting proteins and lipids to specific cellular compartments and act as Microtubuli (MT ) are recruited to the area of contact (2.). Vesicular transport to the contact site is facilitated (3.), and insertion of vesicles containing myelin-specific lipid and proteins promotes further internodal process elongation along and around the axon (4.). PM, Plasma membrane; GSL, glycosphingolipid; Chol, cholesterol.
signal transduction platforms via selective inclusion/exclusion of signaling components (for review, see Harder and Simons, 1997; Simons and Ikonen, 1997; Brown and London, 2000; Trotter et al., 2000; Ikonen, 2001 ). Active Fyn is present in both raft and non-raft fractions (Kramer et al., 1999) , and as we show here, it can thus associate with binding partners such as Tau and Tubulin independent of raft association. The Tau deletion mutant would thus interfere with Fyn-Tau interactions inside and outside rafts. However, activation of Fyn kinase mediated by ligation of the F3 cell adhesion molecule occurs exclusively in rafts (Kramer et al., 1999) . Stimulation of Fyn activity in the raft domain would lead to an increased capacity of Fyn in rafts to bind to downstream partners including Tau and Tubulin. Cytoskeletal elements would thus be recruited to raft domains after ligation of raft components. In lymphocytes, the actin cytoskeleton undergoes local rearrangement after ligation of raft components such as CD59 (Harder and Simons, 1999) , IgE-receptor 1 (Holowka et al., 2000; Foger et al., 2001) , and the T cell receptor at the immunological synapse (for review, see Viola and Lanzavecchia, 1999) .
Disruption of rafts reduces process outgrowth in oligodendrocytes
The integrity of rafts can be disrupted by manipulation of the lipid composition either by removal of cholesterol or inhibition of the sphingolipid synthesis using fungal toxins such as FB1 (Cerneus et al., 1993; Merrill et al., 1993a; Klein et al., 1995; Stevens and Tang, 1997; Ilangumaran and Hoessli, 1998) . Inhibition of the sphingolipid synthesis in oligodendroglial cells prevents the formation of rafts and reduces process formation. The reduction of the process outgrowth caused by FB1 is comparable to the effect seen with the Tau deletion mutant. Recruitment of Tau (and Tubulin) to rafts after Fyn activation would explain a role of rafts in process formation. Several studies have shown that inhibition of sphingolipid synthesis in neurons inhibits protein sorting and axonal and dendritic growth (Harel and Futerman, 1993; Futerman et al., 1998; Ledesma et al., 1998 Ledesma et al., , 1999 Schwarz and Futerman, 1998 ). Thus rafts may play an important role in process formation in oligodendrocytes and neurons.
Rafts as signal transduction platforms and sites of cytoskeletal reorganization during initial glial-axon interaction?
Several signaling pathways are likely to cooperate in the initiation of myelination (Biffiger et al., 2000) , including raft-independent signaling via MAG (Meyer-Franke and Barres, 1994; Montag et al., 1994) and raft-dependent signaling via F3 (Kramer et al., 1999) . Oligodendroglial rafts are enriched in the GPI-anchored proteins NCAM 120 and F3. They may be instrumental in orchestrating the initial axon-glial contact and may act as signaling platforms and local sites of cytoskeletal reorganization. We suggest that in vivo, signaling caused by ligation of glial F3 via an axonal ligand such as L1 activates oligodendroglial Fyn in the rafts, which then recruits Tau promoting process outgrowth and strengthening the initial axonal-glial contact. Local reorganization of the cytoskeleton such as the polarized organization of the microtubule network toward the contact site subsequently facilitates the directed transport of membrane vesicles containing myelin lipids and proteins to the expanding internode (Fig. 7) .
